and nontreated groups showed that the mutation rates were similar and indicated that ribavirin did not induce catastrophic mutations. The NV replicon-bearing cells provide an excellent tool for screening potential antinoroviral agents, and our results indicated that IFNs and ribavirin may be good therapeutic options for noroviral gastroenteritis.
Caliciviruses are positive-strand RNA viruses in the family Caliciviridae that consists of four genera, Norovirus, Sapovirus, Lagovirus, and Vesivirus (8) . Caliciviruses are important pathogens in humans and animals and encompass a wide variety of pathogenicities ranging from gastroenteritis to systemic infections (8) . Viruses in genera Vesivirus and Lagovirus include animal viruses, such as vesicular exanthema swine virus, feline calicivirus, and rabbit hemorrhagic disease virus. Viruses in the genera Norovirus and Sapovirus cause gastroenteritis in humans and animals and are called enteric caliciviruses (9) . Recent studies estimate that human enteric caliciviruses are responsible for more than 90% of nonbacterial gastroenteritis outbreaks (6) and as many as 23 million cases of gastroenteritis in the United States each year (17) . Norwalk virus (NV) is the prototype strain of the noroviruses and was associated with an outbreak of gastroenteritis in Norwalk, Ohio, in 1968 (13) . Studies of the replication of human enteric caliciviruses have been severely hampered by the absence of a cell culture system (5) . Among the noroviruses, only murine noroviruses, including murine norovirus 1 (MNV-1) (14) has been successfully propagated in cell culture (27) . Murine noroviruses present widely in laboratory mouse colonies without apparent clinical symptoms (10, 28) . Interestingly, MNV-1 has a tissue tropism of macrophage-like cells in vivo and in vitro, but it is not clear at present whether human noroviruses target such cells. Recently, we reported the generation of NV replicon-bearing cells in BHK21 and Huh-7 cells and demonstrated that alpha interferon (IFN-␣) effectively inhibited the replication of NV in these cells (3) . Replicon-bearing cells were generated by transfecting RNA transcripts derived from a plasmid containing the full-length NV genome and neomycin-resistant gene (neomycin phosphotransferase II [NPT II]) in the place of the VP1 region (pNV-Neo) (3) . The replicon-bearing cells provide an excellent tool to study the replication of noroviruses and serve as a platform to screen potential antiviral drugs. Here, we report that IFN-␥ and ribavirin also effectively inhibited the replication of NV in the replicon-bearing cells. Ribavirin (1-␤-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is a synthetic guanosine analogue and has shown antiviral actions against a range of DNA and RNA viruses, including hepatitis C virus (HCV) and respiratory syncytial virus (7, 24) . The combination therapy of IFN-␣ and ribavirin is the most effective treatment for chronic HCV infections. Similar studies were done looking at the antiviral effects of IFNs, ribavirin, and other specific viral inhibitors in HCV replicon-bearing cells (1, 20) . IFN-␥ is synthesized by various cells, including NK cells during acute inflammations, and plays an essential role as a frontier fighter against the invading microbes before specific immune responses are elicited (23) . However, many viruses have developed mechanisms against the IFN system to avoid its antiviral effects, including blocking STAT (signal transducers and activators of transcription) pathways and inhibiting the synthesis of IFNs by viral proteins or genome (23) . In our previous report, using the replicon-bearing cells, we demonstrated that the NV replicon lacked such an anti-IFN mechanism, which may be a reason for the high sensitivity to IFN-␣ treatment (3) . This is the first report that IFNs and ribavirin could potentially be excellent antiviral drugs against norovirus replication. In addi-tion, this report confirms that NV replicon-bearing cells may be a significant tool for studying basic research and drug discovery relevant to the control of norovirus gastroenteritis.
MATERIALS AND METHODS
Cells, viruses, and reagents. The Huh-7, HG23 (Huh-7-based NV repliconbearing cells), G3 (BHK21-based NV replicon-bearing cells), and murine macrophage-like RAW267.4 cells were maintained in Dulbecco's minimal essential medium containing 10% fetal bovine serum and antibiotics (chlortetracycline [25 g/ml] , penicillin [250 U/ml], and streptomycin [250 g/ml]). MNV-1 was provided by H. Virgin (Washington University, St. Louis, MO), and maintained in RAW267.4 cells. Recombinant IFN type I (human IFN-␣A-IFN-␣D fusion protein) and recombinant human IFN-␥ were purchased from Serotec Inc. (Raleigh, NC). The polyclonal antibody specific to NV proteinase-polymerase (ProPol) was described in a previous report (3) . Antibodies specific for NPT II or ␤-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) or Cell Signaling Technology (Danvers, MA), respectively. Ribavirin and mycophenolic acid (MPA) were purchased from Sigma (St. Louis, MO) and dissolved in distilled water or dimethyl sulfoxide (DMSO), respectively.
Detection of Norwalk virus RNA and proteins. (i) Immunofluorescence assay (IFA). The NV ProPol serum was added to methanol-fixed monolayers of cells, and the binding of antibodies was detected with fluorescein isothiocyanate (FITC)-conjugated, affinity-purified goat antibodies to guinea pig immunoglobulin G (IgG) (ICN Biomedicals, Aurora, OH) as described previously (2) . We also used rabbit antiserum specific for NPT II and FITC-conjugated goat antibodies to rabbit IgG to detect the presence of the NV replicon in cells.
(ii) Western blot analysis. Protein samples of Huh-7 and HG23 cells (subjected to various treatments or not treated) were prepared in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer containing 1% ␤-mercaptoethanol and sonicated for 20 s. The proteins were resolved in a 10% Novex Tris-Bis gel (Invitrogen) and transferred to a nitrocellulose membrane. The membranes were probed with guinea pig antibodies specific for the ProPol protein, and the binding of the antibodies was detected with peroxidase-conjugated, goat anti-guinea pig IgG (Sigma). In addition, membranes were probed with rabbit antiserum specific for ␤-actin and peroxidase-conjugated, goat antirabbit IgG as a loading control. Following incubation with a chemiluminescent substrate (SuperSignal West Pico chemiluminescent substrate; Pierce Biotechnology, Rockford, IL), signals were detected with X-ray film. We also used rabbit antiserum specific for NPT II and peroxidase-conjugated goat antibodies to rabbit IgG to detect the presence of the NV replicon in cells.
(iii) Real-time qRT-PCR. The quantity of NV genome in the replicon-bearing cells was measured by real-time quantitative reverse transcription-PCR (qRT-PCR) with the One-step Platinum qRT-PCR kit (Invitrogen, Carlsbad, CA), following an established protocol with genotype I-specific primers and 6-carboxyfluorescein-labeled G1 probes (11) . For quantity control of cellular RNA, qRT-PCR for ␤-actin was performed as described previously (25) . For qRT-PCR, total RNA from cells (in six-well plates) was extracted with the RNeasy kit (QIAGEN, Valencia, CA). A standard concentration curve was generated with serial dilutions of RNA transcripts derived from pNV-Neo in each experiment to calculate the total number of genome copies present. The relative genome levels in cells subjected to various treatments were calculated after the RNA levels were normalized with those of ␤-actin.
Treatment of NV-harboring cells with IFN-␣ or IFN-␥. The effects of IFN-␣ and IFN-␥ on the replication of NV in the replicon-bearing cells were examined at concentrations ranging from 0.1 to 20 units/ml for IFN-␣ and from 1 to 200 units/ml for IFN-␥. Various concentrations of IFN-␣ or IFN-␥ were added to 1-day-old, 80 to 90% confluent HG23 cells which were analyzed for viral protein and genome expression 24, 48, 72, or 96 h after treatment. The levels of expression of the NV protein were examined by IFA and Western blot analysis and genome expression levels by qRT-PCR as described above. Western blot analysis included the detection of ␤-actin as a loading control. The inhibitory effect of IFN-␣ or IFN-␥ on the NV replicon was calculated as the concentration of IFN-␣ or IFN-␥ that resulted in 50% reduction of NV genome (ED 50 ) as detected by qRT-PCR. Similarly, we also applied IFN-␥ to G3 cells to examine its effects on NV replication.
Effect of ribavirin on replication of NV in replicon-bearing cells. One-day-old, 80 to 90% confluent HG23 cells were treated with various concentrations of ribavirin (0 [mock medium] to 200 M) to examine its effects on the replication of NV. At the desired time points, the NV protein or genome were analyzed by IFA and Western blot analysis or by qRT-PCR, respectively. To examine the combined effects of ribavirin and IFN-␣, 1-day-old HG23 cells were treated with 2 units/ml (ED 50 ) of IFN-␣ and various concentrations of ribavirin (0 to 100 M) with the reduction of NV protein and genome compared to that of ribavirin treatment alone. Because ribavirin causes nonspecific, cytotoxic effects, such as cytostatic action on various cells (18), we monitored the cytotoxic effects on HG23 cells using a cell cytotoxicity assay kit (Promega, Madison, WI) to calculate the maximum concentration with minimum cytotoxic effects.
Effect of ribavirin on the replication of MNV-1 in RAW267.4 cells. Because MNV-1 can be cultured in the murine macrophage-like cell line RAW267.4, we used MNV-1 as a surrogate system to examine the effect of ribavirin on norovirus replication in cells. Confluent RAW267.4 cells in six-well plates were treated with various concentrations (0 to 200 M) of ribavirin for 6 h before MNV-1 was added to the same medium at a multiplicity of infection (MOI) of 5. Virusinfected cells were then incubated for an additional 24 and 48 h. After the plates were frozen and thawed three times, the replication of MNV-1 in the presence of ribavirin was measured by the 50% tissue culture infective dose (TCID 50 ) assay. The nonspecific cytotoxic effects in RAW267.4 cells by ribavirin were monitored by the method described above.
Potential mechanisms of ribavirin on the replication of NV. Several mechanisms of action for the antiviral effects of ribavirin have been suggested, including the depletion of intracellular GTP through the inhibition of the cellular IMP dehydrogenase (IMPDH) and triggering catastrophic mutations on the virus genome. In order to examine these potential mechanisms, we performed two experiments: (i) supplementation of guanosine in the medium with ribavirin treatment, and (ii) sequence analysis of the NV genome in the presence or absence of ribavirin. First, HG23 cells were preincubated with 100 M of guanosine for 6 h before ribavirin was added to the medium at various final concentrations (0 to 100 M). After 24 or 48 h of the treatment, the NV protein or genome was analyzed with Western blot analysis or real-time qRT-PCR, respectively, as described above. We also tested MPA, which is a potent inhibitor of the cellular IMP dehydrogenase, on the expression of the NV genome in the replicon-bearing cells. Various concentrations of MPA, ranging from 0 (mock solvent [DMSO]) to 10 M, were added to the medium of semiconfluent HG23 cells for 48 h, and total RNA was extracted for real-time qRT-PCR. The relative levels of expression of the NV genome affected by MPA were compared to those of the mock (DMSO) treatment. To examine whether ribavirin treatment triggered catastrophic mutagenesis, HG23 cells were incubated with ribavirin (100 M) or without ribavirin for 48 h. After the incubation, total RNA was extracted, and RT-PCR was performed to amplify the region encoding NV Pol (region corresponding to base numbers 3695 to 4144) with primers NV-Pol-F (GATCT TGGCACTATACCGG) and NV-Pol-R (GGTATCCATTGTCTGTTC). Sequence analysis of the amplicon product was done directly or after the product was cloned into the pCR2.1 vector (Invitrogen). For sequencing of the gene in the recombinant vector, we selected 18 clones per group and analyzed mutations in the region. Sequence analysis was performed using the GenomeLab DTCSQuick Start kit (Beckman-Coulter, Fullerton, CA). Sequences were resolved on a CEQ 8000 genetic analysis system (Beckman-Coulter).
Statistical analysis. The effects of IFNs, ribavirin, MPA, and the combination of IFN-␣ and ribavirin on NV or MNV-1 replication were analyzed by Student's t test. Results were considered statistically significant when the P value was Ͻ0.05.
RESULTS

Effects of IFN-␣ and IFN-␥ on the NV replicon.
Previously, we reported that IFN-␣ effectively reduced the expression of NV proteins and the NV genome. The effective dose necessary for IFN-␣ to reduce NV protein (ProPol) and genome copies in HG23 cells to 50% of that observed in the nontreated (mock) control at 72 h was calculated to be approximately 2 units/ml. Similarly, we examined the effect of IFN-␥ on the replication of NV in the cells. HG23 cells were treated with increasing concentrations of human IFN-␥ (up to 200 units/ ml), and its effect on NV genome and protein expression was monitored by real-time qRT-PCR and by IFA and Western blot analysis, respectively. Like IFN-␣, the addition of IFN-␥ to HG23 cells inhibited NV genome and protein expression in a dose-dependent manner (Fig. 1) , while the cells themselves showed no toxic effects from treatment (data not shown). The presence of 100 units/ml of IFN-␥ for 72 h resulted in approx-imately 90% clearance of the replicon proteins and RNA ( Fig.  1A and B) . The average reduction rates (as a percentage of the rate of the control) of the NV genome in the presence of IFN-␥ were 81%, 73%, 43%, and 8% at 2, 10, 50, and 100 units/ml, respectively, for 72 h of incubation (Fig. 1A) . The ED 50 of IFN-␥ for reducing NV protein (ProPol) and genome copies in HG23 cells at 72 h was calculated to be approximately 40 units/ml (Fig. 1) . However, the recombinant human IFN-␥ did not show any effects on the expression of NV proteins and genome in the BHK21-based NV replicon-bearing cells (G3 cells) (data not shown). This was also confirmed by a promoterluciferase assay for the IFN-␥ response element. When we transfected a plasmid expressing luciferase under the control of an IFN-␥ response element (pGAS-luc; Clontech) into HG23 and G3 cells and incubated the cells with recombinant human IFN-␥ (100 units/ml) for 18 h, we observed the increased expression of luciferase only in HG23 cells. Evaluation of NV replication was examined by measuring the expression of NPT II through IFA and Western blot analysis using an antibody against NPT II. The expression of NPT II, evaluated by IFA, correlated well with that of NV ProPol (Fig. 1B) , indicating that the commercial antibody could be a good tool to study the expression of NV replication in NV repliconbearing cells.
Effect of ribavirin on NV replication. We used a known antiviral agent, ribavirin, to measure its effect on the NV replicon in HG23 cells. HG23 cells were treated with increasing concentrations of ribavirin (up to 200 M) for up to 96 h, and its effect on NV protein expression was monitored by IFA and Western blot analysis using antibodies to NV ProPol and NPT II. In addition, a qRT-PCR assay was used to detect the NV genome in mock-treated or ribavirin-treated NV repliconbearing cells. In HG23 cells treated with ribavirin up to 200 M, cell viability was observed above 90% for up to 96 h. The treatment of ribavirin at concentrations above 10 M in HG23 cells reduced the expression of NV genome in a dose-dependent manner (Fig. 2A) . The reduction of NV genome was observed at 24 h of treatment and continued for 72 h. The ED 50 was calculated to be approximately 40 M after 72 h of ribavirin treatment (Fig. 2A) . Like the NV genome, the expression of NV ProPol and NPT II was reduced in the presence of ribavirin in a dose-dependent manner (Fig. 2B and  3B ). Because the NPT II gene was fused to the first 38 amino acids of NV VP1 in pNV-Neo (3), the expression of NPT II (Fig. 3B) . The HG23 cells were incubated with ribavirin and IFN-␣ (2 unit/ml) to examine any enhanced effects by the cotreatment. Treatment with IFN-␣ alone at a concentration of 2 units/ml reduced the expression of NPT II and NV genome to about 50% ( Fig. 3A and B). Ribavirin treatment showed reduction of the NV genome to 43%, 35%, and 18% of mock-treated cells at 20 M, 50 M, and 100 M, respectively, while cotreatment with IFN-␣ (2 units/ml) at the same concentrations of ribavirin resulted in reduction to 38%, 28%, and 10% (Fig. 3A) . In addition, similar reduction rates of NPT II in Western blot analysis were observed by cotreatment (Fig. 3B) . These results indicated that there was an additive effect by the cotreatment in HG23 cells. Effect of ribavirin on the growth of MNV-1. Murine norovirus 1 can be cultured in RAW267.4 cells, so we sought to observe whether ribavirin could reduce the replication of MNV-1. First, the nonspecific cytotoxicity of ribavirin in RAW267.4 cells was measured. There was minimal toxicity (over 90% of cell viability) at the concentrations below 200 M, as determined by the methods described in Materials and Methods. Treating the cells with a ribavirin concentration above 100 M significantly reduced the titer of MNV-1 by at least 1 log unit 24 h after the virus inoculation (Fig. 4A) .
However, after 48 h of treatment, the virus titers of ribavirinand mock-treated groups were similar (Fig. 4B) .
Potential mechanisms of antinoroviral effects by ribavirin. When we examined whether the replenishment of guanosine affected the antiviral effect of ribavirin, we observed that the addition of 100 M of guanosine in the ribavirin-treated cells moderately reversed the antiviral effect of ribavirin (Fig. 5A) . While the incubation of ribavirin for 48 h resulted in the reduction of the NV genome level to 90%, 42%, 37%, and 8% at 10 M, 20 M, 50 M, and 100 M, respectively, the addition of guanosine to ribavirin reduced the genome levels to 100%, 62%, 51%, and 34% at the same concentrations of ribavirin (Fig. 5A) . MPA also effectively reduced the NV genome levels at concentrations above 0.5 M (Fig. 5B ) in a dose-dependent manner. Sequence analysis of the amplicon, which contained the Pol region of the NV genome, from HG23 cells treated with ribavirin (100 M) or without ribavirin for 48 h, revealed that there was no mutation in the RT-PCR product. The sequence analysis of the NV Pol region (region corresponding to base numbers 3695 to 4144) after the amplicon was cloned into pCR2.1 indicated there were no differences in the mutation rates of the ribavirin-treated and nontreated groups. Among 18 recombinant plasmids in each group, point mutations occurred in 12 (67%) or 13 (72%) plasmids for the ribavirin-treated or nontreated groups, re- spectively. Additionally, the total number of mutations was 22 and 23, respectively, in the ribavirin-treated or nontreated groups.
DISCUSSION
Without a cell culture system, it is extremely difficult, if not impossible, to develop effective therapies for noroviral gastroenteritis. The recent development of NV replicon-bearing cells enabled us to pursue potential antinoroviral agents (3) . In a previous report, we demonstrated that IFN-␣ was an effective inhibitor of NV replication (3), and in this report, we discovered that IFN-␥ also reduced the expression of NV genome and proteins in a dose-dependent manner. Both type I (IFN-␣) and II (IFN-␥) IFNs play a central role in innate immunity against virus infections before adapted immunity arises. The IFNs (type I and II) establish antiviral states of cells through interactions with IFN receptors which are expressed in all nucleated cells (23) . The binding of IFNs to their cognitive receptors triggers activation of STATs and cascade events, which results in the induction of various antiviral proteins, such as RNA-dependent protein kinase and RNase L (23) . However, many viruses are armed with anti-IFN mechanisms, such as those counteracting the STATs and inhibiting IFN synthesis (23) . Previously, we demonstrated that NV did not have a strong anti-IFN mechanism in the replicon-bearing cells, and this may be a reason for its high sensitivity to the treatment of Ribavirin is a synthetic guanosine analogue and has shown antiviral actions against a range of DNA and RNA viruses, including HCV and respiratory syncytial virus (7, 24) . In this study, we found that ribavirin was also very effective at reducing NV replication in replicon-bearing cells, as the ED 50 was calculated to be approximately 40 M. Ribavirin also exhibited an inhibitory effect on MNV-1 in RAW267.4 cells. In the presence of 100 M of ribavirin, the titer of MNV-1 dropped approximately 10-fold 24 h after virus infection. However, after 48 h of virus infection, the titers of MNV-1 in the presence and absence of ribavirin were similar. Ribavirin should be converted to the 5Ј-monophosphate active form to elicit antiviral activity; it is possible that virus infections disrupt the normal metabolic processes in cells and consequently interfere with the conversion. It was reported that ribavirin effectively inhibited the replication of feline calicivirus in vitro but was not effective in vivo (21, 22) . It has been shown that the effects of combination treatment of IFN and ribavirin were synergistic in various viruses, including HCV in the replicon-bearing cells (12, 26) . However, in this study, we found that when combined together, IFN-␣ and ribavirin showed only additive effects on the inhibition of NV replication in the replicon-bearing cells.
At least five distinct mechanisms of action for the antiviral activity of ribavirin have been suggested. These include (i) depletion of the intracellular GTP pool by inhibition of the cellular IMP dehydrogenase, (ii) immunomodulatory effects by enhancing the host T-cell response, (iii) induction of cata- on November 12, 2017 by guest http://jvi.asm.org/ strophic mutations on the viral genome, (iv) inhibition of viral polymerase activity, and (v) inhibition of viral capping by inhibition of viral or cellular guanylyltransferase activity (7) . The mechanisms of actions may be different in different viruses, and there may be more than one operating in a given virus, with one or two mechanisms being predominant (7). To elucidate potential mechanisms responsible for the antiviral activity of ribavirin in NV, we tested the first two mechanisms described above in this study. First, we replenished GTP in cells by adding guanosine to the medium in the ribavirin-treated cells. In certain viruses (yellow fever virus and human parainfluenza virus 3), the addition of guanosine in the medium efficiently reversed the antiviral effects of ribavirin (15) . In this study, the addition of guanosine to the ribavirin treatment moderately reversed the antiviral effects in the cells (Fig. 5A) . We also examined MPA, which is a potent noncompetitive inhibitor of IMPDH, and found that MPA effectively inhibited NV replication at concentrations above 0.5 M. While ribavirin must be converted to the 5Ј-monophosphate active form to elicit antiviral activity, MPA is not required to be metabolically activated in the cells to function. The strong inhibition of NV replication by MPA suggests that the antiviral effects by ribavirin are associated with the inhibition of IMPDH. It has been suggested that ribavirin could trigger catastrophic mutations (including fetal mutations) (4) . Sequencing analysis of the conserved polymerase region of NV in the ribavirin-treated (100 M) or nontreated groups showed that both groups produced similar rates of mutation (22 and 23 mutations). Interestingly, although we did not find any mutations in RT-PCR products, we found high rates of mutations in clones treated with or without ribavirin. The NV polymerase without proofreading functions may be responsible for such high numbers of mutations. These data suggested that the antiviral effects of ribavirin on NV may not be associated with catastrophic mutations in the replicon-bearing cells. Although norovirus infection is generally considered a selflimiting and short-term illness, recent findings demonstrated that the infection could last longer than several days or even several months, especially in immunocompromised patients (19) . The treatment options for norovirus infection are limited partly because of the absence of screening systems for antiviral drugs. In this study, we demonstrated the usefulness of NV replicon-bearing cells in the development of antinoroviral therapeutics in the absence of any reliable cell culture system. The NV replicon-bearing cells may provide an excellent tool to screen potential antinoroviral agents. In current studies, we are investigating the mechanisms of IFN-mediated anti-NV effects in the replicon-bearing cells. In 1990, the U.S. Food and Drug Administration (FDA) approved IFN therapy as a treatment for chronic HCV infection. Currently, the most effective treatment for chronic HCV infection is the combination therapy of IFN-␣ and ribavirin. Our results indicated that IFNs and ribavirin may also be good therapeutic options for noroviral gastroenteritis.
